ABSTRACT A compact and wideband directional circularly polarized (CP) antenna is presented in this paper. The antenna adopts four distributed micropatches as the radiation structure to realize directional radiation and wideband potential, and a low-loss sequentially rotated feeding network is utilized to provide CP excitation. Because of the good impedance matching between the proposed radiation structure and the feeding network, the antenna obtains wide bandwidths in both impedance and axial ratio (AR), and high efficiency is also achieved in the wide band. A prototype of the antenna is fabricated to validate the proposed method. The antenna's dimensions are 0.418λ 0 × 0.418λ 0 × 0.064λ 0 (λ 0 is the free-space wavelength at the center frequency of operating band). The impedance bandwidth for VSWR ≤ 2 reaches 42.9% (1.457 ∼ 2.253 GHz), and the CP bandwidth for AR ≤ 3 dB reaches 22.8% (1.67 ∼ 2.10 GHz). In the overlapped band, the radiation efficiency is more than 96.5%, and the gains are greater than 4.8 dBic.
I. INTRODUCTION
Circularly polarized (CP) antennas have been applied widely in the fields of radio frequency identifications (RFID), radars, satellite navigations and communications [1] - [5] . With the development of compact and lightweight radio equipments, CP antennas are also required to be compact and still highperformance [1] , [2] . Especially, when mounted on the high-speed mobile platforms, such as vehicles and aircrafts, the antenna should possess the advantage of low profile as well [3] . All these claims pose some challenges on the design of high-performance compact CP antennas.
Microstrip CP antennas are the good choice for the applications of low profile and directional radiation, but their bandwidths seriously rely on their dimensions [4] . To obtain wideband performance, the stacked or parasitic configurations are usually utilized. Such as reference [6] , four sequentially rotated parasitic strips are adopted to increase bandwidths effectively, but the antenna's dimensions reach to 1.14λ 0 × 1.14λ 0 × 0.13λ 0 (λ 0 is the free-space wavelength at center frequency of operating band). Another antenna in [7] uses stacked patches to result in the dimensions of 0.8λ 0 × 0.8λ 0 × 0.09λ 0 .
On the other hand, employing broadband feeding networks composed of power dividers can prompt microstrip antennas to achieve wide bandwidths, but they also lead to drop of the radiation efficiency in wide band because of the isolation resistors used in the network [8] - [10] . Contrastively, sequentially rotated feeding is a low-loss CP feeding network, and it can also produce wideband CP operation for the antenna if the radiation structure matches well with the network [11] , [12] . Reference [11] achieves a high-efficiency wideband CP antenna, whose dimensions are as small as 0.584λ 0 ×0.584λ 0 ×0.149λ 0 ; the dimensions of the wideband CP antenna in [12] are 1.5λ 0 × 1.5λ 0 × 0.06λ 0 . It could be seen, these antennas are still large in one dimension while being high-efficiency and wideband. Therefore, it is still a challenge to realize compactness and low profile together on a CP antenna with high efficiency and wide bands. Another PIFA (planar inverted F antenna) combination is also reported to realize a miniaturized wideband CP antenna, but it is low-efficiency. This is because the PIFA is narrowband, and when excited by broadband CP feeding network, the resistors in the network will absorb a lot of reflected energy [13] .
In this paper, a novel directional CP antenna is proposed. Different from the traditional microstrip antenna, the antenna utilizes the coupling between four micro patches to achieve wide bandwidths under a compact and low-profile structure, so this structure is named as ''distributed patch''. Based on the proposed structure, a low-loss sequentially rotated feeding network is adopted for high-efficiency and CP operation of the entire antenna. The final dimensions of the antenna are only 0.418λ 0 × 0.418λ 0 × 0.064λ 0 , which are more compact than those of the existing technologies.
The contributions of the paper can be summarized as follows: 1) A new method of constructing wideband directional CP antennas is proposed. This method does not rely on increasing the dimensions of the antenna or loading resistors, so the acquired antenna has the advantages of miniaturization and high efficiency.
2) The structure of the distributed patches is adopted to enhance the antenna's bandwidths significantly. This structure was only used to control beamwidth of radiation patterns before [14] . In the following sections, the configuration and principle of the antenna are presented in section II. In section III, the impedance and CP bandwidths of the antenna are analyzed in detail. The experimental results, discussions and evaluation are given in section IV. Finally, the conclusion is drawn. 
II. ANTENNA DESIGN AND PRINCIPLE
A. RADIATION STRUCTURE Fig. 1 shows the configuration of the proposed antenna, which consists of one upper PCB, one lower PCB, four shorting pins and four feeding pins. The upper and lower PCBs both adopt 1mm-thick PTFE substrate which has a relative permittivity of 2.65 and a loss tangent of 0.002. On the top surface of the upper PCB is etched four identical square micro patches as radiation patches ( Fig. 2(a) ), and the length of the micro patch L p is about 0.1∼0.15λ 0 . Adding the distance D p between the micro patches, the total length of the radiation patches is less than 0.4λ 0 . In view of this small total size, we can regard the four micro patches as a whole, and call it ''distributed patches'' to distinguish from the traditional microstrip antennas. At the outer corners of the patches are linked four 1mm-diameter feeding pins, which are used to connect the radiation patches and the feeding network. At the diagonal lines of the square micro patches, four shorting pins are arranged to connect the patches and the ground. The above components compose the radiation structure of the proposed antenna, which is shown in Fig. 2(d) . When the four feeding pins are driven with equal amplitudes and 90 • -difference phases sequentially, the CP radiation will be formed in the normal direction of the radiation patches.
The structure of the distributed patches can help the antenna acquire wideband properties under a low profile. We can see the bandwidth variation of the radiation structure by the analyses of the separated models. When only one micro patch (with the shorting pin) is placed, its impedance bandwidth is not wide. Fig. 3 shows the corresponding VSWR of the single-patch case. The band for VSWR ≤2 only covers 1.772∼2.012GHz, the relative bandwidth of 12.7%. We know, in terms of the traditional array theory, using such elements to construct a array will not increase the antenna's bandwidth. However, when we arrange these four identical micro patches with rotational symmetry and the adjacent two micro patches are very close (the distance between them is less than 0.1λ 0 ), the effective bandwidth can be greatly enhanced. In Fig. 3 , the band of the distributed-patches case is also shown. The band range for VSWR ≤2 covers 1.505∼2.435GHz, the relative bandwidth reaches 47.2%. It can be learned the bandwidth of the radiation structure is increased to about quadruple by this method. The enhancement of the bandwidth is mainly due to the strong coupling VOLUME 5, 2017 between the four patches. The four patches are fully identical and the arrangement is fully symmetric, so the input impedances of the four micro patches are identical and the coupling coefficients between the adjacent patches are also identical. Then, if the input impedances of the radiation structure can match well with the outputs of the feeding network and the opposite patches are excited out of phase, the wide bandwidths will be achieved to the entire antenna [15] . A broadband CP feeding network can meet these requirements, which will be shown in the next paragraph. In addition, Fig. 3 also shows the effect of the shorting pins on the band. It is indicated the shorting pins play a great role on the impedance matching of the distributed patches in the wide band. 
B. FEEDING NETWORK
Several kinds of broadband CP feeding network can be utilized to feed this four-point radiation structure. However, for high radiation efficiency, we adopt a sequentially rotated feeding network. Fig. 2(b) shows the layout of the feeding network on the lower PCB. A microstrip feeding line is etched on the top of the upper PCB, and a metal ground is etched on the bottom. The microstrip line spreads clockwise from the center and forms a square polyline. The center is the feeding point and connects to a 50 RF connector. From the four corners of the square polyline, four branch lines are linked, and the lines' ends connect to the bottoms of the feeding pins. The side length of the square polyline is about one quarter substrate wavelength to make the 90 • -difference phases between two adjacent branch lines. In this design, the branch lines will connect to the terminal load of 100 , because the above radiation structure matches well with 100 in a wide band. Thus, according to the equal-amplitude relationship at outputs, the characteristic impedance of each segment of the microstrip line can be derived step by step [16] . These impedance values are all labeled in Fig. 2(b) . The performance of the network working around 1.9GHz is simulated by Ansys HFSS. Fig. 4 shows the results. The wide bandwidth of 1.5∼2.3GHz for VSWR≤1.3 is obtained. Under the identical terminal loads, the amplitude ratio and phase differential are also flat in the wide band, and the opposite outputs are out of phase naturally. Hence, the network can provide good performance for the structure of the distributed patches.
III. ANALYSES ON THE BANDWIDTHS OF THE ANTENNA
From the above analyses of the configuration, both the radiation structure and the feeding network of the antenna has wideband properties respectively. Hence, combining them together could lead to wideband properties for the antenna in impedance and axial ratio (AR), but this will depend on the degree of the impedance matching between the two parts because of no isolation resistors designed in the network. For AR, in particular, a slight impedance mismatching would cause the variations of the network's performance, including the amplitude ratio and phase differential, and further lead to deterioration in the antenna's AR. Therefore, we would like to find out how this proposed radiation structure affects the performance of the entire antenna. In this section, the parameters of the distributed patches are analyzed to clarify their effect on the impedance and AR bandwidths of the antenna. The referred parameters include that 
A. PARAMETERS OF THE MICRO PATCHES -SIDE LENGTH, DISTANCE AND HEIGHT
Firstly, we discussed the side length, distance and height of the micro patches. When one parameter is studied, others are invariable. Fig. 5 shows the VSWR and AR versus frequency in a wide band when the side length L p is changed. It is viewed the wide operating bands are achieved by the antenna in both VSWR and AR. When L p equals 22.5mm, 23.5mm and 24.5mm, the bandwidth for VSWR ≤2 reaches 42.6%, 44% and 44.7% respectively, and the bandwidth for AR ≤3dB reaches 19.2%, 21.6% and 24.3% respectively. It is revealed the impedance bandwidth of the antenna is very approximate to the that of the radiation structure, and the AR bandwidth is about a half of that. In addition, with the side length increasing, both of the operating bands move stably from higher frequency to lower frequency. Meanwhile, the shift of the AR is more sensitive than that of the VSWR because the AR bandwidth is narrower. Therefore, L p mainly decides the position of the operating band. Fig. 6 shows the effect of the distance between the patches on the bandwidths. The VSWR and AR bandwidths are both stable, only the AR values in the band tend to decrease as the distance changes from 5mm to 7mm. Hence, D p can be used to optimize the AR values in the band. Fig. 7 shows the effect of the height on the bandwidths. As the height changes from 9mm to 11mm, both the VSWR and AR bands move toward low-frequency direction. Meanwhile, the impedance bandwidth is stable, but the AR bandwidth increases obviously, i.e. 16.9%, 21.6% and 29%. Hence, increasing height is beneficial for broadening AR bandwidth.
B. PARAMETERS OF THE SHORTING PINS -POSITION AND DIAMETER
The parameters of the shorting pins are their position P s and diameter D s . Fig. 8 shows the effect of P s on the bandwidths. When the P s increases, the VSWR almost dose not change, but the AR bandwidth shrinks gradually, and the AR values decrease in the band. Fig. 9 shows the effect of the diameter. The diameter mainly affects the low cutoff frequency of the VSWR, and with the diameter increasing, the AR band moves from lower frequency to higher frequency.
From the above discussions, it can be summarized, the parameters of the radiation structure make little effect on the impedance performance of the antenna in the wide band and only cause some degree of shifts of the band. However, the AR bandwidth and values are very sensitive to these parameters. So, the crucial points of this antenna are the effect of the distributed patches structure on the CP properties of the antenna. If a wider AR bandwidth of the antenna is desired, a more advanced radiation structure should be constructed.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
To validate the proposed method of this paper, a prototype of the proposed antenna is fabricated and measured. The measurement is carried out in anechoic chamber, and the compared simulation is implemented by Ansys HFSS. Fig. 10 shows the VSWR results. The measured and simulated curves both indicate good impedance matching in a wide band and agree well with each other. The measured bandwidth for VSWR≤2 covers 1.457∼2.253GHz, the relative bandwidth of 42.9%. Fig. 11 shows the ARs and gains along +z direction versus frequency. In the band of 1.67∼2.10GHz, the measured ARs are less than 3dB, the relative bandwidth of 22.8%. The AR bandwidth fully belongs to the VSWR bandwidth. In the overlapped band, the measured co-polarized gains are all greater than 4.8dBic. The corresponding radiation efficiency of the antenna is more than 96.5% in this band (Fig. 12) , which is very difficult to achieve in a wideband and compact antenna.
The radiation patterns (RP) of the antenna are measured through the method of two orthogonal components, i.e., measuring two orthogonal linearly-polarized components of the far field and then compounding a circularly-polarized field. The results are displayed in Fig. 13 . The RPs in xoz and yoz planes are given at 1.75GHz, 1.9GHz and 2.05GHz respectively. It is indicated, in the wide band, the max-radiation directions of the antenna are all toward +z axis, and the co-polarized (LHCP) RPs are wide-beam and similar in the two planes. The measured 3dB beamwidths are 101 • and 100 • VOLUME 5, 2017 FIGURE 11. Gains and ARs of the proposed antenna along +z direction. respectively. On the other hand, the cross-polarized (RHCP) at back are a little high. Nevertheless, the front to back (F/B) is improved gradually as the frequency increases. At 2.05GHz, the F/B reaches 7dB. Hence, with increasing the electrical size of the ground, the back radiation can be suppressed further.
To evaluate the proposed antenna, it is compared with other compact and wideband directional CP antennas also with high efficiency. The compared data are listed in Table 1 . Due to the different sizes of the used ground, their gains and beamwidths are not comparable and so not included in the comparison. References [6] and [7] adopt the parasitic method to increase bandwidths, but the dimensions of the antennas are obviously larger than those of the traditional microstrip antenna. References [11] and [12] utilize sequentially rotated feeding to get wide bands as well, but their heights or lengths are also too large. Compared with these antennas, the proposed antenna has remarkably wide bandwidths in impedance and AR, and more important, its dimensions are all smaller. With the similar bandwidths, its height and lateral size are less than half to those of the antenna in [6] .
V. CONCLUSION
A compact and wideband directional CP antenna is presented. The antenna introduces the distributed patches to realize miniaturization and wideband operation. Combined with the sequentially rotated feeding network, the antenna obtains directional CP radiation and high efficiency in wide band. From the analyses of bandwidths, it is learned that the proposed radiation structure plays a important role on the AR bandwidth and values, but has little effect on the impedance matching of the antenna. Finally, the achieved dimensions of the antenna are 0.418λ 0 × 0.418λ 0 × 0.064λ 0 . The impedance bandwidth is 42.9%, and the CP bandwidth is 22.8%. Consequently, the proposed antenna has observable advantages in dimensions, bandwidths and efficiency, and it is very suitable for high-performance terminals of mobile communications or as elments of a low-profile array. 
